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The intracellular innate immune receptor NOD1 de-
tects Gram-negative bacterial peptidoglycan (PG)
to induce autophagy and inflammatory responses
in host cells. To date, the intracellular compartment
in which PG is detected by NOD1 and whether
NOD1 directly interacts with PG are two questions
that remain to be resolved. To address this, we
used outer membrane vesicles (OMVs) from patho-
genic bacteria as a physiological mechanism to
deliver PG into the host cell cytosol. We report
that OMVs induced autophagosome formation and
inflammatory IL-8 responses in epithelial cells in a
NOD1- and RIP2-dependent manner. PG contained
within OMVs colocalized with both NOD1 and RIP2
in EEA1-positive early endosomes. Further, we
provide evidence for direct interactions between
NOD1 and PG. Collectively, these findings de-
monstrate that NOD1 detects PG within early
endosomes, thereby promoting RIP2-dependent
autophagy and inflammatory signaling in response
to bacterial infection.
INTRODUCTION
Host pattern recognition receptors (PRRs) detect various path-
ogen-associated molecular patterns (PAMPs) (Clarke and We-Cell Hiser, 2011). Recent advances in the PRR field have increased
our awareness of the contribution of the Nod-like receptor
(NLR) family in detecting bacterial infections (Philpott and Girar-
din, 2010). The cytoplasmic PRR nucleotide-binding oligomeri-
zation domain-1 (NOD1) is a member of the NLR family that is
ubiquitously expressed in many cell types (Clarke and Weiser,
2011; Strober et al., 2006). NOD1 senses microbial pathogens
by detecting a conserved structure of Gram-negative bacterial
peptidoglycan (PG) (Chamaillard et al., 2003; Girardin et al.,
2003). Upon PG activation, NOD1 signals via a caspase-
activated recruitment domain (CARD) (Girardin et al., 2001;
Hasegawa et al., 2008; Inohara et al., 2000) and subsequently
interacts with its adaptor protein, the receptor-interacting
protein 2 (RIP2). NOD1-RIP2 interactions result in activation of
nuclear factor kB (NF-kB) (Girardin et al., 2003) and mitogen-
activated protein kinase (MAPK) pathways (Allison et al., 2009)
to drive inflammatory cytokine production, including IL-8.
Significant advances have been made regarding the func-
tioning of the NOD1 signaling pathway, including its role in auto-
phagy in response to invasive bacteria (Travassos et al., 2010)
and in inflammation (Clarke and Weiser, 2011; Strober et al.,
2006). In contrast, very little is known about the exact mecha-
nisms and intracellular location whereby NOD1 interacts with
PG and the adaptor molecule RIP2 to facilitate the development
of autophagy and inflammatory responses. Although two reports
found that NOD1 was recruited to the plasma membrane
in response to the invasive pathogen Shigella flexneri (Kufer
et al., 2008; Travassos et al., 2010), neither study specifically
investigated whether direct NOD1-PG interactions were occur-
ring at those sites. A pH requirement for the cytosolic internaliza-
tion and processing of NOD1-activating PG peptides has beenost & Microbe 15, 623–635, May 14, 2014 ª2014 Elsevier Inc. 623
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NOD1 (Lee et al., 2009). Nevertheless, specific details regarding
the intracellular location and kinetics of NOD1 interactions with
both PG and RIP2 remain unknown.
We recently identified outer membrane vesicles (OMVs) as
representing a general mechanism by which many Gram-nega-
tive bacteria, irrespective of their mode of infection, are able to
deliver PG into host epithelial cells (Kaparakis et al., 2010).
OMVs are spherical, bilayered membrane structures ranging
from 20 to 300 nm and are naturally shed by all Gram-negative
bacteria as part of their normal growth in vitro and in vivo (Kulp
and Kuehn, 2010). We reported that OMVs enter nonphagocytic
epithelial cells, thus rendering their PG accessible to recognition
by NOD1. Moreover, we demonstrated that OMVs from the
gastric pathogenHelicobacter pylori induced immune responses
in vivo via a NOD1-dependent but Toll-like receptor (TLR)-
independent mechanism (Kaparakis et al., 2010). The role of
NOD1 in sensing bacterial OMVs has since been confirmed by
other groups (Bielig et al., 2011; Chatterjee and Chaudhuri,
2013).
In this study, we used PG-containing OMVs (PG-OMVs) as a
tool to delineate the intracellular location and mechanisms of
NOD1-dependent responses to naturally delivered PG and to
elucidate the mechanisms of NOD1-dependent autophagy and
host inflammatory responses. We report that OMVs induced
NOD1-dependent autophagy in epithelial cells but not in myeloid
cells. RIP2 was essential for NOD1-dependent IL-8 production
and autophagosome formation in response to PG-OMVs.
Furthermore, we found that upon recognition of intracellular
PG-OMVs, NOD1 migrated with PG-OMVs and RIP2 to early
endosomes, revealing a previously unknown role for NOD1 in
the intracellular trafficking of PG. Most importantly, we show
that NOD1, RIP2, and PG associate closely at distances of <
10 nm, suggesting direct interactions between all components.
In this study we visualize the exact intracellular location where
NOD1 interacts with physiologically delivered PG and RIP2, in
early endosomes, facilitating the development of autophagy
and IL-8 production in a RIP2-dependent manner. Collectively,
these data reveal the early recognition events required for
NOD1 activation and will significantly advance our understand-
ing of the contribution of NOD1 in Gram-negative bacterial path-
ogenesis, innate immunity, and inflammatory disorders.
RESULTS
Bacterial OMVs Induce Autophagy in Epithelial but Not
Myeloid Cells
To date, the intracellular compartment in which NOD1 senses
PG has not been elucidated. Therefore, given the ability of
OMVs to induce NOD1 signaling (Kaparakis et al., 2010), we
used PG-containing OMVs as a tool, first, to delineate the
intracellular location and mechanisms of NOD1-dependent re-
sponses to naturally delivered PG, and second, to elucidate
the mechanisms of NOD1-dependent autophagy and host
inflammatory responses. As NOD1 is critical for triggering auto-
phagy in response to the invasive Gram-negative bacteria
Shigella (Travassos et al., 2010), we speculated that NOD1-
signaling OMVs may also induce a NOD1-dependent autophagy
response.624 Cell Host & Microbe 15, 623–635, May 14, 2014 ª2014 Elsevier ITo examine this, we used OMVs from H. pylori and Pseudo-
monas aeruginosa, both of which induce NOD1-dependent
responses in host epithelial cells (Kaparakis et al., 2010). Given
that the H. pylori type IV secretion system can activate NOD1
signaling (Viala et al., 2004), we purified OMVs from an
H. pylori cagPAI mutant (H. pylori cagPAI) in which this secretion
system has been disrupted (Kaparakis et al., 2010). Fluores-
cently labeled OMVs from H. pylori cagPAI or P. aeruginosa
were added to HeLa epithelial cells stably expressing micro-
tubule-associated protein 1A/1B-light chain 3 (LC3)-GFP, a
component of the autophagosome, and the formation of LC3-
GFP autophagic puncta were quantified (Figures 1A and 1B).
The number of LC3-GFP autophagosomes after OMV addition
resembled that of the positive control rapamycin, an inducer of
autophagosome formation. By pretreating cells with bafilomycin,
to inhibit phagolysosomal degradation, we were able to demon-
strate a significant accumulation of LC3-GFP puncta in OMV-
stimulated cells (Figures 1A and 1B).
To exclude possible cell-specific phenomena, we investigated
autophagosome formation in OMV-stimulated, transiently trans-
fected mouse embryonic fibroblasts (MEFs) (Figures S1A and
S1B) in the human gastric epithelial cell line AGS, transfected
with LC3-GFP (Figures S1C and S1D), and in primary human
bronchial epithelial cells (Figures 1C and 1D). H. pylori and
P. aeruginosa OMVs induced autophagosome formation in all
of these cell types, confirming that OMV-induced autophagy
occurs in multiple cell types including primary human epithelial
cells. We also confirmed the induction of autophagy by OMVs
in AGS cells by visualizing degradation of LC3-GFP by western
blot analysis (Figure S1E). Furthermore, H. pylori produces a
vacuolating toxin (VacA), which is found in OMVs (Ricci et al.,
2005) and which itself can induce autophagy (Terebiznik et al.,
2009). We showed, however, that OMVs from a H. pylori vacA
mutant induced autophagosome formation to a similar extent
as either H. pylori cagPAI OMVs or rapamycin (Figures S1A
and S1B), indicating a redundancy for VacA in H. pylori OMV-
induced autophagy.
We next examined the ability of OMVs to induce autophago-
some formation in THP-1 human monocytic cells and murine
RAW 264.7 macrophages (Figure 2). We noted significant forma-
tion of LC3-GFP-containing autophagic puncta in rapamycin-
treated THP-1 (Figures 2A and 2B) and RAW 264.7 cells (Figures
2C and 2D) compared to nonstimulated controls. However, irre-
spective of their bacterial species of origin, type IV secretion
system, or VacA status, OMVs were unable to induce LC3-
GFP-containing autophagic puncta in THP-1 (Figures 2A and
2B) and RAW 264.7 cells (Figures 2C and 2D). These findings
suggest that NOD1-signaling OMVs induce autophagosome for-
mation in epithelial but not myeloid cells.
Autophagic Components Are Essential for OMV-Induced
Inflammatory Responses
To confirm that autophagy was required for NOD1-signaling and
OMV-dependent inflammatory responses, we examined OMV-
induced responses in epithelial cells or fibroblasts in which
LC3/ATG8 or ATG5, key components of the autophagosome,
were either reduced or deleted (Figure 3). HeLa cells were trans-
fected with one or two siRNA sequences specific for either LC3/
Atg8 or Atg5. As a control, HeLa cells were either mocknc.
Figure 1. OMVs Induce the Formation of LC3-GFP Aggregates in Epithelial Cells
(A) HeLa cells stably expressing LC3-GFP (green) were stimulated with fluorescently labeled (red) H. pylori cagPAI (Hp), P. aeruginosa (Pa) OMVs (50 mg/ml), or
rapamycin (Rap, 100 nM) for 4 hr. Cells were also pretreated with 10 nM BafA1 prior to addition of H. pylori OMVs (Hp + BafA1). Cell nuclei were stained using
Hoechst (blue). Cells were imaged in 3D on the DeltaVision; a z projection of the 3D image is displayed. LC3-GFP autophagic puncta colocalizing with labeled
OMVs are seen in yellow. Data are representative images of three individual experiments. Scale bar shows 10 mm.
(B) The number of autophagosomes per cell from LC3-GFP-expressing HeLa cells in (A) were quantified using Imaris. Data are the mean ± SEM of > 30 cells per
treatment and representative of three individual experiments.
(C) Primary human epithelial cells were transfected with GFP-LC3 (green) and stimulated with H. pylori cagPAI (Hp) or P. aeruginosa (Pa) fluorescently labeled
OMVs (red) or rapamycin (Rap) for 4 hr. Cell nuclei were stained using Hoechst (blue). A representative image is displayed (maximum intensity projection of the 3D
stack) from three individual experiments. Scale bar indicates 10 mm.
(D) The number of autophagosomes per cell in primary human epithelial cells in (C) was determined using Imaris (n > 30 cells). Images were acquired on the
DeltaVision Core System. Data are the mean ± SEM of > 30 cells per treatment and representative of three individual experiments. ****p < 0.005. See also
Figure S1.
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After 2 days, cells were stimulated with OMVs and IL-8 produc-
tion was quantified in culture supernatants (Figure 3A). H. pyloriCell HOMVs induced significant levels of IL-8 production by control
cells. However, LC3/Atg8 or Atg5 siRNA-transfected cells dis-
played significantly reduced IL-8 responses to OMV stimulationost & Microbe 15, 623–635, May 14, 2014 ª2014 Elsevier Inc. 625
Figure 2. OMVs Do Not Induce Autophagosome Formation in Immune Cells
(A) THP-1 cells were activated with PMA (10 nM) overnight and allowed to recover prior to treatment with either H. pylori cagPAI OMVs (Hp OMV), H. pylori VacA
OMVs (VacA OMV), P. aeruginosa OMVs (Pa OMV), or rapamycin (Rap) or left nonstimulated as controls (Cont). Cells were counterstained for endogenous LC3-
containing autophagic puncta using an anti-LC3 (ATG8) antibody, and cell nuclei were stained using Hoechst (blue). A representative image of three independent
experiments is displayed. Magnification 363.
(B) Quantification of the number of autophagosomes per cell from the experiment depicted in (A) is displayed. Data are themean ± SEMof > 30 cells per treatment
and are representative of three individual experiments.
(C) RAW 264.7 LC3-GFP-expressing cells were treated with either fluorescently labeled (red) H. pylori cagPAI OMVs (Hp OMV), P. aeruginosa OMVs (Pa OMV), or
rapamycin (Rap)or left nonstimulatedascontrols (Cont). Cell nucleiwere stainedusingHoechst (blue). A representative image isdisplayed.Scalebar indicates 10mm.
(D) Quantification of the number of autophagosomes per cell from the experiment depicted in (C) is displayed. Data are themean ± SEMof > 30 cells per treatment
and are representative of three individual experiments. **p < 0.02, ***p < 0.01.
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Figure 3. LC3 and ATG5 Are Essential for the Induction of OMV-Induced Inflammatory Responses
(A) HeLa cells were transfected with siRNA against LC3/Atg8 (ATG8-1, ATG8-2, or both, 1 + 2) or siRNA against Atg5 (ATG5-1, ATG5-2, or both, 1 + 2). As a
control, cells were transfected with either lipofectamine alone (c) or with negative control siRNA (siCont). After 48 hr, cells were stimulated with H. pylori cagPAI
OMVs or left nonstimulated (ve), and 24 hr later the level of IL-8 in culture supernatants was determined by ELISA. Shown are the mean ± SEM IL-8 responses of
pooled data from three individual experiments, each experiment containing biological replicates (n = 3).
(B and C) Atg5 (B) and Atg8/LC3 (C) mRNA expression levels as detected by qRT-PCR for treatment with each siRNA individually or in combination. Data are
pooled mRNA levels of three individual experiments, each experiment containing biological replicates (n = 3). Data are presented as the means ± SEM.
(D) Atg5+/+ or Atg5/ MEFs were either left nonstimulated (control) or stimulated with 50 mg/ml H. pylori OMV for 24 hr. Expression levels of Cxcl2 were
determined by qRT-PCR. Data are presented as the means ± SEM of three individual experiments, each containing biological replicates (n = 6).
(E) Atg5+/+ or Atg5/MEFs were either nonstimulated (control) or stimulated with 50 mg/ml of H. pylori OMV for 24 hr. CXCL2 levels in culture supernatants were
determined by ELISA. The results represent the mean ± SEM of three separate experiments, each with n = 4 biological replicates. ***p < 0.01, ****p < 0.005.
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by qRT-PCR, Atg5 and LC3/Atg8 mRNA levels were reduced
80% and 90%, respectively, in siRNA-transfected cells (Figures
3B and 3C).
We also stimulated MEFs from Atg5/ and Atg5+/+ mice with
H. pylori OMVs and observed reduced Cxcl2 mRNA (Figure 3D)
and CXCL2 levels (Figure 3E) in Atg5/ MEFs compared to
Atg5+/+ MEFs. Taken together, these data demonstrate that
autophagy is essential for proinflammatory chemokine produc-
tion in response to NOD1 sensing of OMVs.
NOD1 Is Essential for OMV-Mediated Autophagy
Responses
As NOD1 is essential for OMV-induced immune responses
(Kaparakis et al., 2010) and autophagy in response to invasive
bacteria (Travassos et al., 2010), we next examined whether
NOD1 was required for OMV-induced autophagy. To do this,
we used AGS cells stably expressing an shRNA-targeting
Nod1 (AGS NOD1 KD) or an irrelevant gene (eGFP; AGS control
cells) (Grubman et al., 2010). Stimulation of AGS control cellsCell Hwith either rapamycin or OMVs induced significant numbers of
autophagosomes per cell compared to nonstimulated controls
(Figures 4A and 4B). In contrast, OMV stimulation of AGS
NOD1 KD cells failed to induce significant numbers of autopha-
gosomes per cell, compared to nonstimulated controls, despite
the ability to induce autophagosome formation in these cells with
rapamycin (Figures 4A and 4B). These findings were corrobo-
rated using MEFs from Nod1+/+ and Nod1/ animals. Nod1/
MEFs were unresponsive to OMV-induced autophagosome
formation compared to Nod1+/+ MEFs, yet responded normally
to rapamycin (Figures 4C and 4D). These findings provide clear
evidence of the complete dependency for NOD1 in the develop-
ment of OMV-induced autophagy.
NOD1 Associates with PG-OMVs in Early Endosomes
Although NOD1 detection of PG and the downstream signaling
pathway initiated by this process have been elucidated in detail,
far less is known regarding the intracellular location(s) in which
NOD1 encounters PG. To address this question, we tracked
the migration and intracellular location of fluorescent OMVsost & Microbe 15, 623–635, May 14, 2014 ª2014 Elsevier Inc. 627
Figure 4. NOD1 Is Essential for the Induction of OMV-Induced Autophagy
(A) AGS control (shCont) or AGSNOD1 KD cells (shNOD1) were transfected with LC3-GFP and treated with either P. aeruginosa (Pa) orH. pylori (Hp) fluorescently
labeled OMVs (red) or rapamycin (Rap). Cell nuclei were stained using Hoechst (blue). A 2Dmaximum intensity projection is displayed from ‘‘3D z stacks.’’ Images
were acquired on the DeltaVision Core System. Data are representative images of three individual experiments. Magnification 363.
(B) The number of autophagosomes per cell from LC3-GFP-transfected AGS control (shCont) or AGSNOD1KD cells (shNOD1) in (A) were quantified using Imaris.
Data are representative of mean ± SEM of > 30 cells per treatment and of three individual experiments.
(C) Nod1+/+ and Nod1/MEFs were transfected with LC3-GFP and treated with either P. aeruginosa (Pa) or H. pylori (Hp) fluorescently labeled OMVs (red). Cell
nuclei were stained using Hoechst (blue). A 2D maximum intensity projection is displayed from ‘‘3D z stacks.’’ Images were acquired on the DeltaVision Core
System. Data are representative images of three individual experiments. Magnification 363.
(D) The number of autophagosomes per cell from LC3-GFP-expressing Nod1+/+ and Nod1/ MEFs shown in (C) were quantified using Imaris. Data are the
mean ± SEM of > 30 cells per treatment and are representative of three individual experiments. *p < 0.05, ***p < 0.01.
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after 1 hr poststimulation, OMVs associated with early endo-
some antigen 1 (EEA1)-containing vesicles (Figure 5A). Strik-
ingly, a significant reduction in the colocalization of OMVs with
EEA1-labeled endosomes was observed in AGS NOD1 KD cells
compared to AGS control cells, suggesting that NOD1 expres-
sion may affect the localization to or retention of OMVs in early
endosomes (Figures 5B and 5C). Moreover, the intracellular relo-
cation of NOD1 occurred specifically in response to OMVs, as
NOD1 colocalized with both fluorescently labeled OMVs and
EEA1 in HeLa cells, whereas minimal colocalization was noted
in the absence of OMVs (Figure 5D). The intracellular relocation
of NOD1 in response to OMVs was rapid, occurring 60 min after628 Cell Host & Microbe 15, 623–635, May 14, 2014 ª2014 Elsevier Ithe addition of OMVs, and was still noticeable 150min later, sug-
gesting that NOD1 relocation was not transient (Figure S2).
Migration of NOD1 in Response to OMVs Is Not
Dependent on NF-kB Signaling
We next determined if the ability of NOD1 to mediate NF-kB
signaling was essential for the migration of NOD1 in response
to PG-containing OMVs. For this, HeLa cells were transfected
with either a fluorescent wild-type NOD1 or NOD1 with a point
mutation (K208R) that does not mediate NF-kB signaling (Ino-
hara et al., 1999) (Figure 6A). Prior to OMV stimulation, NOD1
and NOD1 K208Rwere expressed throughout the cell. However,
only wild-type NOD1 appeared to also be membrane associatednc.
Figure 5. NOD1 Colocalizes with OMVs in EEA1-Labeled Endosomes
(A) HeLa cells transfected with EEA1-GFP (green, EEA1) were stimulated with DiI-labeledH. pyloriOMVs (OMV, red). Cell perimeter was defined using Phalloidin-
637 (magenta). DiI-labeledH. pyloriOMVs (OMV, red) colocalizing to EEA1-containing endosomes (EEA1, green) within 1 hr are shown in an overlay panel in white
(coloc). The white box indicates the magnified area depicted in the far right panel, and areas of colocalization are indicated (arrows). The threshold for coloc-
alization is background +4 SDs. Single plane images from confocal slices (Leica SP5) are shown. Data are representative images of three experiments.
(B) AGS control (WT) or AGS NOD1 KD cells (shNOD1) expressing EEA1-GFP (green, EEA1) were stimulated with DiI-labeled H. pyloriOMVs (OMV, red). H. pylori
OMVs (red) colocalizing to EEA1-containing endosomes (EEA1, green) within 1 hr are shown in an overlay panel in white (coloc) and are indicated by arrows.
Images were acquired on the DeltaVision Core System.
(C) Quantification of DiI-labeled H. pyloriOMVs (red) colocalizing to EEA1-containing endosomes (EEA1, green) from (B) is shown. Shown are the mean ± SEM, of
n > 15 images, > 3 cells/image, and representative of three individual experiments. ****p < 0.005.
(D) NOD1 colocalization at 90 min (lower panel) in two adjacent HeLa cells with OMVs in EEA1-containing vesicles. Upper panel shows control, non-OMV-
stimulated HeLa cells. Staining is for NOD1-CFP (cyan), anti-EEA1 antibody staining (green), Phalloidin-637 (magenta), and DiI-labeled H. pylori OMVs (red).
Colocalization between NOD1/EEA1 (yellow) and NOD1/EEA1/OMVs (white) is shown. Single confocal plane images were acquired on the Leica SP5. Data are
representative images of three experiments. All images 3100 magnification (33 scaling). See also Figure S2.
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Upon OMV stimulation, both NOD1 and NOD1 K208R formed
aggregates in the cytoplasm, indicating that the induction of
NF-kB signaling by NOD1 was not essential for NOD1 relocation
in response to OMVs (Figure 6A). Using live-cell imaging, we
confirmed the ability of both NOD1 and NOD1 K208R to migrate
and colocalize with PG-containing OMVs (Movies S1 and S2).
These data demonstrate that the NF-kB signaling region ofCell HNOD1 is not required for the migration of NOD1 in response to
PG-containing OMVs.
PG-Containing OMVs Associate with NOD1 and RIP2
To examine NOD1 migration in response to PG, we used OMVs
in which PGwas fluorescently labeled with BODIPY (BODIPY-FL
OMVs). While BODIPY-FL vancomycin is an effective tracer for
the presence of complex PG in OMVs, PG tripeptide structuresost & Microbe 15, 623–635, May 14, 2014 ª2014 Elsevier Inc. 629
Figure 6. NOD1 Interacts with PG-Containing OMVs and RIP2 in Endosomes
(A) HeLa cells expressing NOD1-SCFP3a (cyan) or NOD1-K208R-SCFP3a (cyan) were incubated with DiI-labeled H. pylori OMVs (red) or nonstimulated as
controls. Cell nuclei were stained using Hoechst (blue). NOD1 migration in response to OMVs (red) occurs independent of NF-kB signaling, indicated by the
arrows. Shown are representative single confocal plane images (Leica SP5). Data are representative of three experiments. Magnification 363.
(B) BODIPY-FL vancomycin-labeled OMVs were subjected to mutanolysin digestion, and the digested material was reduced and analyzed by RP-HPLC.
Mutanolysin-digested material was eluted using a 0%–15%methanol gradient over 135 min, followed by an 80%methanol step from 135 to 165 min, after which
the methanol concentration was reduced to zero over 5 min for the remainder of the run. Upper panel shows fluorescence trace (excitation 505 nm, emission
513 nm). Vancomycin/BODIPY-FL vancomycin does not elute during the 0%–15% methanol gradient. Lower panel shows UV trace. The UV peak denoted *
contains a mass consistent with GlcNAc-anhydroMurNAc-triDAP (observedm/z 850.3442; calculatedm/z 850.3489). OMV, mutanolysin-digested OMV labeled
with vancomycin:BODIPY-FL vancomycin; Van-FL, 1:1 vancomycin:BODIPY-FL vancomycin.
(legend continued on next page)
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comycin labeling is insufficient to probe for the presence of
NOD1-stimulating muropeptides. To confirm the presence
of NOD1-activating PG in OMVs, we carried out RP-HPLC of
mutanolysin-treated BODIPY-FL OMVs (Figure 6B). We
confirmed by fluorescence detection the presence of BODIPY-
FL vancomycin in the mutanolysin-solubilized material. We
then performed mass spectrometry analysis on the material
that eluted during the methanol gradient step and searched
for masses corresponding to known NOD1 ligands, including
N-acetyl-D-glucosaminyl-b-1,4-anhydro-N-acetylmuramyl-L-
alanyl-g-D-glutamyl-meso-diaminopimelic acid (GaMtriDAP),
the major NOD1 ligand released by H. pylori (Chaput et al.,
2007). Our analysis identified a mass corresponding to GaMtri-
DAP (observed m/z 850.3442, calculated m/z 850.3489), which
eluted with a major peak at 26.7 min, indicating the presence
of NOD1-stimulating PG in OMVs. Thus we confirmed that, in
the present study, BODIPY-FL vancomycin was a good reporter
for PG that contained NOD1-stimulating muropeptides.
We next visualized the migration of NOD1 in response to
BODIPY-FL OMVs. To do this, we expressed NOD1-mCherry
in AGS NOD1 KD cells to limit overexpression of NOD1.
Upon addition of BODIPY-FL OMVs to NOD1-mCherry-
expressing AGS NOD1 KD cells, PG colocalized with both
NOD1 and EEA1 (Figure S3A). Next, we elucidated the kinetics
of BODIPY-FL OMVs associating with NOD1 and RIP2. Using
confocal imaging, we showed BODIPY-FL OMVs (PG) colocal-
ized with both NOD1 and RIP2 in HeLa cells 90 min after the
addition of OMVs (Figure 6C). Some preassociation of the HA-
tagged RIP2 construct with NOD1 could be seen, presumably
due to the use of overexpression constructs, as previously re-
ported (Inohara et al., 1999).
The association of NOD1 with RIP2 and BODIPY-FL OMVs
was further validated in AGS NOD1 KD cells by super-resolution
microscopy (3D Structured Illumination Microscopy [3D-SIM],
Nikon). The 3D-SIM analysis revealed low levels of RIP2 located
in small (50–100 nm) endosomes prior to OMV stimulation (not
shown). However, upon stimulation with OMVs, RIP2 clustered
around large (100–200 nm) EEA1-labeled NOD1-containing
endosomes, visualized by widefield microscopy due to the limi-
tations of two-color N-SIM (Figure S3B). While the optical reso-
lution of N-SIM is predicted to be approximately 100–150 nm,
upon reconstruction it is easy to note two different-sized vesi-
cles, one containing EEA1 and the other not. In addition, we
observed endogenous RIP2 clustering around EEA1-positive
vesicles after the addition of OMVs by Super-Resolution (Leica
SR GSD) STORMmicroscopy (Figure 6D). To exclude any effect
due to the use of overexpression of RIP2 and NOD1 constructs,(C) HeLa cells were transfected with NOD1-SCFP3a (green) and RIP2-HA and t
(magenta) for 90 min. RIP2 was detected using anti-HA antibody (RIP2, red). Colo
of white. Image on the left contains the whole-cell view with the magnified area
Images were acquired using the Leica SP5 and are representative of n = 3 expe
(D) HeLa cells expressing EEA1-GFP were either nonstimulated as controls (Con
fixed and labeled with anti-RIP2 and NL-557 rabbit IgG secondary antibody. C
microscope. Representative images are displayed showing clustering of RIP2 afte
shows a zoomed STORM image. Arrows indicate EEA1-GFP-labeled endosomes
represent intensity, but rather positive-pixel count with a Gaussian blur and an a
were collected. Scale bar indicates 0.3 mm. See also Figure S3, Movie S1, and M
Cell Hwe expressed NOD1 in AGS NOD1 KD cells, and using an anti-
body against endogenous RIP2, we confirmed the clustering
and colocalization of endogenous RIP2 and NOD1 with OMVs
(Figure S3C). Collectively, these findings indicate that OMV-
delivered PG signals via NOD1 to RIP2 in EEA1 endosomes.
NOD1 Interacts Directly with PG and RIP2
To prove direct interactions (<10 nm) of PG with NOD1 and of
NOD1 with RIP2, we used fluorescent lifetime imaging micro-
scopy (FLIM)-fluorescence energy transfer (FRET). A unique
property of fluorescence is that each fluorophore has a defined
‘‘lifetime,’’ i.e., the time taken for a photon to travel to a fluoro-
phore and back to the detector in a higher energy state (emis-
sion). Through the use of pulsed lasers and Time-Correlated
Single Photon Counting (TCSPC) detectors, we were able to
measure both fluorescent intensity and lifetime. A decrease in
lifetime is often observed in the donor fluorophore in Fo¨rsters
Resonance Energy Transfer (FRET) pairs. We used the decrease
in lifetime of SCFP3a attached to NOD1 to measure the associ-
ation and transfer of a photon to BODIPY-FL-labeled OMVs (PG)
(Figures 7A and 7B) as well as RIP2-HA (Figure 7C). Photon
transfer was measured both before and after OMV addition.
For the photon to be successfully transferred and quench the
donor lifetime, the Fo¨rsters distance for CFP is predicted to
be < 10 nm. The basal lifetime of CFP from cells expressing
CFP alone was used to calculate the reference point for FRET
efficiency. The 5% NOD-CFP FRET observed was likely to be
self-FRET due to homodimerization of NOD1 (Figure 7B). Impor-
tantly, however, significant increases in the amount of FRET
could be seen between NOD1 and BODIPY-FL-labeled OMVs
(15% FRET-FLIM efficiency), compared to NOD1 alone, indi-
cating that there were direct interactions between NOD1 and
PG (Figure 7B). Furthermore, a significant amount of FRET was
seen between both NOD1 and RIP2 in the absence of OMVs,
compared to NOD1 alone, suggesting that these two molecules
may be in close association when overexpressed prior to the
addition of OMVs (Figure 7C). However, the preassociation of
endogenous NOD1 and RIP2 was reduced when examining
endogenous NOD1 levels (Figure 7D). A significant increase in
the amount of FRET between NOD1-CFP, or endogenous
NOD1, and RIP2 occurred in the presence of OMVs, indicating
that PG further enhanced this interaction (Figures 7C and 7D,
respectively). Furthermore, addition of a specific RIP2 inhibitor
prior to stimulation with OMVs appeared to significantly reduce
OMV-induced interaction of NOD1-CFP, or endogenous
NOD1, with RIP2 (Figures 7C and 7D). In addition, the inhibition
of RIP2 also reduced colocalization of NOD1 with EEA1 in
response to OMVs, but not to the NOD1-independent stimulus,reated with (second row) or without (first row) PG-labeled BODIPY-FL OMVs
calization of NOD/RIP2 and NOD/PG/RIP2 is displayed and indicated by areas
represented by the overlay box. Remaining images show magnified regions.
riments. Magnification 3100 (33 digital scaling).
t) or stimulated with H. pylori OMVs for 1 hr (+OMV). Cells were subsequently
ells were imaged on the Leica SR GSD (GSDIM) super-resolution (STORM)
r OMV treatment. Upper row shows a normal confocal image and the lower row
identified by widefield microscopy. The pixel intensity by ‘‘glow scale’’ does not
pproximate lateral accuracy of 20–30 nm. A minimum of 10,000 frames/image
ovie S2.
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Figure 7. RIP2 Is Essential for OMV-Induced NOD1-Dependent Responses
(A) Fluorescent lifetime imaging-Fo¨rsters resonance energy transfer (FLIM-FRET) images indicating the lifetime (Tau), intensity, and FRET efficiency (%) of NOD1-
SCFP3a (donor) in HeLa cells treated with BODIPY-FL-labeled H. pylori cagPAI OMVs (acceptor) at 90 min. Tau(p) is a representative phase lifetime image of
NOD1-CFP (donor). Lower lifetimes indicate photon transfer and the presence of FRET. Color range is as indicated in the scale. Representative experiment of
n = 3. Magnification 3100.
(B) Average FRET%per cell is displayed for both NOD1(CFP) and PG(BODIPY) FRET. n > 30 cells and a representative experiment of n = 3 is displayed. Error bars
represent ± SEM.
(C) Average FRET % per cell is displayed for NOD1(CFP) and RIP2(aHA-NL557) FRET separately, in addition to NOD1-RIP2 FRET in the presence of H. pylori
OMVs with and without RIP2 inhibitor. n > 30 cells. A representative experiment of n = 3 independent experiments is displayed. Error bars represent ± SEM.
(legend continued on next page)
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for the intracellular migration of NOD1 in response to PG-
OMVs. Collectively, these findings identify that NOD1 associates
intimately with both PG within OMVs and RIP2 at distances of <
10 nm and that RIP2 regulates the intracellular migration of
NOD1 within the cell.
RIP2 Is Essential for NOD1-Dependent OMV-Mediated
Autophagy and IL-8 Responses
Wenext assessed the requirement of RIP2 in the development of
NOD1-dependent autophagy and IL-8 production in response to
OMVs. AGS cells treated with a RIP2 inhibitor prior to OMV stim-
ulation displayed a significant reduction in autophagosome
formation compared to control OMV-stimulated cells (Figures
7E and 7F). In accordance with these results, we noted that
the RIP2 inhibitor similarly reduced IL-8 production in response
to OMV stimulation in AGS cells compared to OMV-stimulated
controls (Figure 7G). These findings identify the requirement for
RIP2 in NOD1-dependent autophagosome formation and IL-8
production in response to PG-OMVs.
DISCUSSION
In this study, we aimed to elucidate the ability of PG-containing
OMVs to induce NOD1-dependent autophagy and to use these
OMVs as a tool to determine the intracellular location and mech-
anisms of NOD1 signaling. From these studies, we have uncov-
ered: (1) the kinetics and intracellular location of PG recognition
by NOD1, and (2) the role of RIP2 in NOD1-dependent auto-
phagy induced by bacterial OMVs. Using bacterial OMVs as a
natural delivery system of PG, we show that OMVs induce
NOD1-dependent autophagy in nonphagocytic epithelial cells
and fibroblasts, but not myeloid cells. Furthermore, we describe
the induction of a specific and rapid NOD1 response to PG con-
tained within OMVs, resulting in the recruitment of NOD1, PG,
and RIP2 to endosomes and the activation of downstream
signaling pathways. We show an essential role for RIP2 in the
development of autophagosome formation in response to PG-
containing OMVs and subsequent inflammatory cytokine pro-
duction. Most importantly, we visualized the interaction between
NOD1-PG and NOD1-RIP2. The data suggest that NOD1, RIP2,
and PG all migrate to and directly interact within endosomes,
facilitating downstream signaling from this location. Ultimately,
these findings significantly advance our limited knowledge about
the location and the mechanisms of PG recognition by NOD1.
Furthermore, this work has implications for the development
of RIP2 and NOD1 inhibitors that have the potential to limit
NOD1-driven inflammatory responses to bacterial pathogens.
NOD1 is required for the development of OMV-induced im-
mune responses in host cells (Bielig et al., 2011; Chatterjee(D) Average FRET % per cell is displayed for endogenous NOD1 and exogen
respectively). FRET was calculated for NOD1-RIP2 alone or in the presence of OM
used for images with low-intensity signals. n > 30 cells. Representative experime
(E) AGS cells expressing GFP-LC3 (green) were treated with or without 10 mM R
rapamycin (rap) as a control for 4 hr. Cells were subsequently stained using rabbit
on the DeltaVision Core System and are representative of three experiments. Sc
(F) The number of autophagosomes per cell from images in (E) were quantified.
(G) AGS cells were treated with or without 10 mMRIP2 inhibitor for 1 hr prior to trea
IL-8 in culture supernatants was quantified by ELISA. Data are the mean ± SEM
Cell Hand Chaudhuri, 2013; Kaparakis et al., 2010). In this study, we
showed that OMVs from H. pylori and P. aeruginosa induced
autophagy in epithelial cells. Surprisingly, however, we found
that OMVs failed to induce autophagy in THP-1 and RAW
264.7 cells, which are known to express NOD1 (Bielig et al.,
2011; Kufer et al., 2008). We suggest that the inability of OMVs
to induce autophagosome formation in myeloid cells may be
due to a difference in the mechanisms of OMV entry and pro-
cessing between phagocytic immune cells and epithelial cells.
The requirement of autophagosome formation in OMV-
induced responses was confirmed using ATG5 and LC3/ATG8
knockdown or knockout cells. We showed that both ATG5 and
LC3 were required for IL-8 and CXCL2 production in response
to OMVs. These chemokines are critical for the development of
OMV-specific immune responses (Kaparakis et al., 2010), thus
indicating the importance of autophagy in the induction of these
responses. Furthermore, experiments in which NOD1 had been
either knocked down or genetically disrupted demonstrated
that NOD1 was necessary for OMV-induced autophagy, thus
identifying a previously unknown requirement for NOD1 in
autophagosome formation in response to OMVs. In addition,
we show that RIP2 is required for balancing the induction of
NOD1-dependent autophagy and OMV-induced inflammation.
Indeed, blocking RIP2 signaling with a specific inhibitor
decreased OMV-induced NOD1:EEA1 colocalization, autopha-
gosome formation, and impaired IL-8 production. This work
reveals the importance of RIP2 in NOD1-dependent autophagy
and IL-8 responses to OMVs.
Having identified that the NOD1-RIP2 signaling paradigm is
essential for the induction of autophagy and IL-8 in response
to OMVs, we used OMVs as a tool to monitor intracellular
NOD1 trafficking in response to PG. Comparison of the intra-
cellular location of OMVs in AGS control or AGS NOD1 KD cells
revealed that PG-containing OMVs migrated to early (EEA1) en-
dosomes, in a NOD1-dependent manner. Furthermore, under
basal conditions, NOD1 was situated diffusely within the cell
cytosol and plasma membrane, yet following OMV stimulation,
NOD1 accumulated and colocalized with OMVs at early endo-
somes. This NOD1 accumulation with early endosomes was
not observed in response to rapamycin, indicating that it was a
NOD1-specific response. Moreover, we noted that prior to
OMV stimulation, both NOD1 and NOD1 K208R were dispersed
throughout the cell; however, only wild-type NOD1 was also
seen along the cell perimeter, in agreement with another work
(Kufer et al., 2008). It was previously proposed that membrane
association of NOD1 was due to its partial activation, whereas
NOD1 K208R was not membrane associated due to its inability
to mediate NF-kB signaling (Kufer et al., 2008). In our study,
we noted that upon OMV stimulation, NOD1 K208R migrated
in a similar manner to wild-type NOD1, implying that migrationous RIP2-HA labeled with secondary antibodies (Alexa 488 and Alexa 546,
Vs, rapamycin, or OMVs and RIP2 inhibitor (as per C). A 23 2 pixel binning was
nt of n = 3 experiments is displayed. Error bars represent ± SEM.
IP2 inhibitor (inh) for 1 hr prior to treatment with nonlabeled OMVs (OMV) or
-anti-OMV and anti-rabbit CF405 antibodies (magenta). Images were acquired
ale bar indicates 10 mm.
Data are mean ± SEM, representative of three experiments.
tment with OMVs or rapamycin for 16 hr in the presence or absence of inhibitor.
of three experiments. *p < 0.05, ***p < 0.01, ****p < 0.005. See also Figure S4.
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of the ability of NOD1 to signal via NF-kB. This is in contrast to
the earlier finding that the NOD1 K208R was unable to migrate
to the cell membrane of Shigella-infected HeLa cells, implying
that the NOD1 K208R was not actively recruited to sites of
bacterial contact (Kufer et al., 2008). This may reflect the differ-
ences between the migration pattern of NOD1 in response to
PG introduced at the cell membrane, as may occur during
Shigella infection, versus the introduction of PG directly into
the cytoplasm via OMVs.
A key finding of the current work was the observation that
NOD1 interacts with both PG and RIP2 in a previously unknown
location, being early endosomes. Indeed, we visualized fluores-
cently labeled OMVs interacting with NOD1 and RIP2. Using
exogenous expression of NOD1 and RIP2, we noted their asso-
ciation prior to the introduction of OMVs, a finding that was
consistent with an earlier report showing that exogenous
NOD1 preassociated with RIP2 (Inohara et al., 1999). This was
also evident with examination of antibody-labeled endogenous
RIP2, though the preassociation was to a much lower extent.
Upon stimulation with OMVs, we observed an accumulation of
both NOD1 and RIP2 with endosomes. Furthermore, super-
resolution microscopy enabled us to demonstrate the trafficking
of OMVs containing PG, NOD1, and its downstream adaptor,
RIP-2, to EEA1-containing endosomes. We confirmed that the
migration of NOD1 to early endosomes was specifically in
response to PG-containing OMVs and that RIP2 mediated the
migration of NOD1 to early endosomes.
Most importantly, using FLIM-FRET, we were able to show
direct interactions, within 10 nm, between NOD1 and BODIPY-
FL-labeled PG-OMVs as well as between NOD1 and RIP2. The
interaction of NOD1 and RIP2 significantly increased in the pres-
ence of PG-containing OMVs, compared to NOD1 alone, and
was significantly reduced by the addition of a specific RIP2
inhibitor. These findings provide a visualization of PG interacting
directly with NOD1. Also, NOD1 has been shown here to interact
with recruited RIP2 and PG within a defined intracellular
compartment, ultimately triggering the induction of autophagy
and NOD1-dependent inflammatory responses.
In conclusion, we have elucidated the intracellular location and
kinetics whereby NOD1 interacts with PG and RIP2. Further-
more, we have established the requirement for RIP2 in NOD1-
dependent autophagy in response to PG-OMVs. Given that
NOD1 has been implicated in a broad array of biological func-
tions and autoimmune disorders (Sorbara and Philpott, 2011),
it is important to understand how NOD1 detects PG within the
cell and its contribution toward downstream immune responses.
We suggest that the findings reported here have particular impli-
cations for the development of RIP2 and NOD1 inhibitors with
the potential to limit NOD1-dependent inflammation induced
by bacterial infection, as well as that associated with various
autoimmune and other inflammatory disorders.EXPERIMENTAL PROCEDURES
Bacterial OMV Purification, Labeling, and HPLC Analysis
H. pylori 251 cagPAI (Kaparakis et al., 2010), 251 VacA mutants (Weiss et al.,
2013), and P. aeruginosa PA103 pil (Kaparakis et al., 2010) were grown as
previously described. H. pylori and P. aeruginosa OMVs were purified using634 Cell Host & Microbe 15, 623–635, May 14, 2014 ª2014 Elsevier Istandard techniques (Kaparakis et al., 2010). OMV protein concentrations
were determined by Bradford Protein Assay (Bio-Rad). OMVs in PBS at
2 mg/ml were fluorescently labeled using either 1% (v/v) DiI (Parker et al.,
2010) or Alexa Fluor (488, 568, Life Technologies) (Kaparakis et al., 2010).
OMV-associated PG was fluorescently labeled using 4 ng/ml of BODIPY-FL
vancomycin (Life Technologies) in the presence of 4 ng/ml nonlabeled vanco-
mycin (Sigma) for 20 min at room temperature (Daniel and Errington, 2003).
Unbound fluorescence (BODIPY, DiI, Alexa) was removed by washing OMVs
three times in PBS prior to use. HPLC and mass spectrometry analysis of
mutanolysin-digested BODIPY-FL OMVs was performed as detailed in Sup-
plemental Information.
Cell Cultures and Cell Transfection
Culture conditions for all cell lines and primary epithelial cells used in this study
are detailed in Supplemental Information. HeLa, AGS, primary epithelial cells,
MEFs, and THP-1 cells, at 1 3 105 per well or per coverslip, were transfected
with 60 ng of fluorescent construct and 140 ng of pcDNA3. Transfection
reagents, fluorescent constructs, and siRNA transfection methods are listed
in Supplemental Information. HeLa cells were transfected with siRNA, and
2 days later, media were replaced with serum-free media and cells were stim-
ulated with 50 mg/ml of OMVs or 100 nM rapamycin (Sigma) for 24 hr. Culture
supernatants were analyzed by ELISA and cell lysates were collected to
confirm knockdown of the target gene by qRT-PCR, as detailed in Supple-
mental Information. Cells were pretreated with 10 nM bafilomycin A1 (Sigma)
for 30 min, and media were replaced prior to addition of OMVs. To inhibit
RIP2, by blocking phosphor-serine-176-RIP2 and activation of NF-kB, cells
were treated with 10 mM of RIP2 inhibitor (GSK’214) for 1 hr and stimulated
with OMVs in the presence of the inhibitor for another 4 hr for microscopy
or 16 hr for IL-8 analysis. Culture medium was analyzed by ELISA to determine
IL-8 (BD Biosciences) and CXCL2 (R&D Systems) levels, according to the
manufacturer’s instructions.
Microscopy
All antibodies used and methods of cell staining are detailed in Supplemental
Information. Samples were imaged by collecting 3D ‘‘z stacks’’ on the Applied
Precision DeltaVision Core system with appropriate filters (Semrock) and
deconvolved using the DeltaVision SoftWoRx package (15 iterations, ratio
aggressive). Images are presented as single slices or maximum intensity
2D projections with constant window/level/contrast adjustments performed
in NIH Image J or Bitplane Imaris software packages. Single confocal plane -
images were collected on the Leica SP5 5ch confocal system tuning the
AOBS to the appropriate emission band and exciting with the appropriate
laser line (405 nm Hoechst/CF405, 458 nm CFP, 488 nm GFP/Alexa
488/NL493, 514 nm YFP, 561 nm RFP/mCherry/Alexa 568/NL557, 633 nm
Alexa 647/NL637). Single-channel-only samples were prepared to ensure
there was no spectral overlap. Samples for SR GSD-GSDIM (STORM) micro-
scopy were prepared on confocal glass coverslips as above. Cells were
imaged in TBS containing Glox/MEA according to Leica’s standard SR GSD
protocol.
Image Analysis
Colocalization analysis was performed in Bitplane Imaris using the built-in
colocalization feature, typically using background plus four standard devia-
tions as the minimum threshold for masking to the specific signal. Autophago-
some analysis was detected on a per-cell basis using first Imaris Cell to detect
cell boundaries, then vesicle detection and thresholding based on autophago-
some size (number of voxels), intensity (max intensity, intensity center), and the
built-in ‘‘quality’’ threshold. Unless otherwise stated, all are counted on a per-
cell basis, > 50 cells, and are a representative set of nR 3 experiments. For
FRET analysis, any outliers with an error > 6 the standard error of the sample
set was removed as likely erroneous cells.
Statistical Analysis
IL-8 and FLIM-FRET responses were analyzed using one-way ANOVA.
The number of autophagosomes per cell and mRNA levels were analyzed
using the Student’s t test and Mann-Whitney U test, respectively. Differences
were considered significant when p * < 0.05, ** < 0.02, *** < 0.01,
and **** < 0.005.nc.
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Supplemental Information includes four figures, Supplemental Experimental
Procedures, and two movies and can be found with this article online at
http://dx.doi.org/10.1016/j.chom.2014.04.001.
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